a-Lactalbumin is a whey protein that constitutes approximately 22% of the proteins in human milk and approximately 3.5% of those in bovine milk. Within the mammary gland, a-lactalbumin plays a central role in milk production as part of the lactose synthase complex required for lactose formation, which drives milk volume. It is an important source of bioactive peptides and essential amino acids, including tryptophan, lysine, branched-chain amino acids, and sulfur-containing amino acids, all of which are crucial for infant nutrition. a-Lactalbumin contributes to infant development, and the commercial availability of a-lactalbumin allows infant formulas to be reformulated to have a reduced protein content. Likewise, because of its physical characteristics, which include water solubility and heat stability, a-lactalbumin has the potential to be added to food products as a supplemental protein. It also has potential as a nutritional supplement to support neurological function and sleep in adults, owing to its unique tryptophan content. Other components of alactalbumin that may have usefulness in nutritional supplements include the branched-chain amino acid leucine, which promotes protein accretion in skeletal muscle, and bioactive peptides, which possess prebiotic and antibacterial properties. This review describes the characteristics of a-lactalbumin and examines the potential applications of a-lactalbumin for human health.
. It has an amino acid composition that is high in essential amino acids and comparatively rich in tryptophan, lysine, cysteine, and the branched-chain amino acids (BCAAs) leucine, isoleucine, and valine. 3 ( Table 1) 4 . Because of its unique amino acid profile, alactalbumin has potential for multiple uses: (1) as a component of infant formulas, to make them more similar to breast milk; (2) as a supplement to promote gastrointestinal health or modulate neurological function, including sleep and depression; and (3) as a therapeutic agent with applications in conditions or diseases such as sarcopenia, mood disorders, seizures, and cancer.
CHARACTERISTICS OF a-LACTALBUMIN
The composition of milk differs between species. Human milk has a high proportion of whey proteins, with the whey and casein protein fractions constituting approximately 60% and 40% of the total protein, respectively, while bovine milk contains approximately 80% casein ( Figure 1) . Further, the concentration of whey proteins in human milk changes dramatically over the course of lactation, which does not occur in milk from other species. During the first few days after birth, whey proteins constitute over 90% of total protein, with casein being virtually undetectable. During the first month, the ratio of whey to casein declines to approximately 60:40, and by 100 days postpartum, the ratio approaches 50:50. 5 The whey fraction of bovine milk is typically obtained by acid precipitation of casein during cheese production. The whey fraction contains more than 100 proteins, 5 of which make up over 85% of the total 6 ( Figure 1 ). In human milk, a-lactalbumin is the predominate protein in whey, followed by lactoferrin and immunoglobulins, whereas in bovine milk, b-lactoglobulin is the predominate protein in whey, followed by a-lactalbumin and immunoglobulins. 1, 2 Betalactoglobulin is absent from human milk.
a-Lactalbumin plays an important role during milk production. It is produced in the epithelial cells of the mammary gland and combines with the enzyme b-1,4-galactosyltransferase to form lactose synthase, which converts glucose and galactose into lactose. Synthesis of lactose is thought to be essential for milk production, creating an osmotic force to draw water into the mammary gland and driving the total volume of milk produced. Human and bovine a-lactalbumins share similar amino acid compositions, having 74% sequence homology and similar bioactivities. a-Lactalbumin is the second most abundant protein in bovine-derived whey protein concentrates and whey protein isolates, accounting for 15% to 20% of total protein. It is available commercially as a-lactalbumin-enriched whey protein concentrates obtained by filtration methods, with a-lactalbumin constituting approximately 45% of total protein. Highly purified a-lactalbumin, accounting for more than 93% of total protein, is obtained by ion exchange methods. aLactalbumin preparations have physical properties and food system behaviors similar to those of whey protein isolates, including high protein quality, clean flavor profile, high water solubility across a wide pH range (2.0 -9.0), and heat stability, making them compatible for use in beverages. They are also useful in the development of emulsions, foams, and gels, providing flexibility in product formulation. 8, 9 These characteristics allow alactalbumin to be used in diverse food applications in which high-quality protein is important, including infant formulas, protein-fortified beverages, lactose-free and reduced-carbohydrate foods, and medical foods.
a-LACTALBUMIN AND INFANT NUTRITION
During the almost 100 years that infant formulas have been available, much research has been devoted to improving protein quality. 10 The composition of formula has been modified frequently throughout the years in an effort to obtain a nutrient profile similar to that of breast milk. However, breast milk is a complex matrix of nutrients and bioactive compounds with unique digestibility and bioavailability. Breast milk is difficult to duplicate, and the optimum composition of infant Figure 1 Protein concentrations of whey and casein fractions in bovine and human milk.
1,2 Abbreviations: Ig, immunoglobulin; ND, not detectable. Histidine  30  22  25  26  34 19 20  Isoleucine  60  55  47  56  44 49 42  Leucine  108  122  89  94  82 78 68  Lysine  109  112  76  76  90 51 26  Methionine  10  23  26  39  29 13 17  Cysteine  48  30  3  26  11 12 22  Phenylalanine 41  36  51  66  39 43 58  Threonine  43  45  44  45  44 38 28  Tryptophan  48  27  12  17  12 13  9  Valine  43  52  59  73  46 47 43 Abbreviation: a-LA, a-lactalbumin. a formula remains unknown. A more realistic goal is to benchmark the growth and development of formula-fed infants against that of breastfed infants. Adding specific proteins such as a-lactalbumin, which contains essential amino acids, to infant formula may lead to improvements in intestinal health, immune responses, and growth as well as to increased absorption of essential trace elements like iron and zinc, all of which would provide formula-fed infants with benefits similar to those provided by breast milk.
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Growth and development
Human milk is the ideal food for infants because of its unique nutritional characteristics and its high-quality protein. However, because breast milk is not always available, infant formulas were developed as a substitute. Currently, there is no consensus about the optimum protein concentration of infant formulas. The US Food and Drug Administration 12 and the Codex Alimentarius 13 define the minimum protein-to-energy ratio of infant formulas, on the basis of cow's milk and soy protein, as 1.8 g/100 kcal and 2.25 g/100 kcal, respectively, but do not address optimum intake. To meet the amino acid requirements of the neonate, the total protein content of most infant formulas (13 -15 g/L for bovine milk-based formulas and % 18 g/L for soy-based formulas) is higher than that of breast milk (9 -11 g/ L).
14 The higher protein concentration of infant formulas compared with breast milk has been suggested to be a source of metabolic stress on tissues such as the liver and kidneys in the still-developing infant. 15 It is also thought to be a contributing factor to growth differences observed between formula-fed and breastfed infants. 16 Bovine milk has become the most common source of ingredients for infant formula. However, because human milk and bovine milk differ substantially in the ratio of whey to casein proteins, in the levels of specific proteins (Figure 1 ), and in their amino acid profiles, 3 the growth and development of breastfed and formulafed infants also differs. b-Lactoglobulin, for example, is a protein found in cow's milk that is absent from human milk, and a-lactalbumin, the predominant protein in breast milk, is found in low concentrations in bovine milk. Furthermore, the amounts of the amino acids tryptophan and cysteine in bovine milk are approximately half those in human milk. 3, 10 As a result, in order to maintain plasma concentrations of essential amino acids similar to or higher than those in breastfed infants, the protein content of standard cow's milk formula (13 -15 g/L) is greater than that of breast milk. 16 However, infants fed formulas with higher protein contents gain weight more quickly than breastfed infants.
Excessive weight gain and metabolic programming during infancy are thought to make infants more susceptible to additional weight gain and obesity later in life. 17 Tryptophan is one of the most limiting amino acids in food proteins, and plasma tryptophan is believed to be an important marker of protein adequacy of infant formulas. 18 As the precursor to the neurotransmitter serotonin, oral tryptophan has repeatedly been linked to central nervous system functions such as appetite, sleep, memory and learning, temperature regulation, mood, behavior, and maturation of neurons and synaptic connections. 19 Increasing the proportion of a-lactalbumin in infant formula while reducing total protein content is beneficial because a-lactalbumin has comparatively high tryptophan content (Table 1) and high protein quality. Clinical studies have shown that lowering the protein content of infant formula while increasing the proportion of a-lactalbumin can result in plasma concentrations of essential amino acids similar to those in breastfed infants. 10 Since excessive protein in infant formulas is associated with potential risks, enriching formula with a-lactalbumin makes it possible to reduce the protein content of formula while also providing the required amino acids. Compared with whey-based, nonenriched formulas, a-lactalbumin-enriched formulas support normal growth and maintain adequate concentrations of plasma amino acids at lower protein intakes. In a study in which 134 infants aged 14 days or younger were fed either a control formula or a reduced-protein, a-lactalbumin-enriched formula for 12 weeks, growth and serum albumin (a clinical biomarker of protein status) were comparable in both groups, despite the lower protein content of the experimental formula. 20 In a double-blind randomized controlled trial, Sandström et al 21 fed infants standard formula or alactalbumin-enriched formula (25% of total protein vs 11% in the standard formula) from 6 weeks to 6 months of age and compared them with breastfed infants. The protein content of each formula was 13.1 g/L. Compared with infants fed the standard formula, infants fed the a-lactalbumin-enriched formula had a growth pattern more similar to that of breastfed infants and plasma amino acid concentrations similar to or higher than those of breastfed infants. In a similar study, formula-fed infants were fed either standard infant formula (protein, 15 g/L) or an experimental formula with added a-lactalbumin (2.2 g/L vs 1.3 g/L in standard formula) and lower protein content (14 g/L) for 120 days. Both groups showed age-appropriate growth, head circumference, and plasma essential amino acid concentrations. However, infants randomized to the a-lactalbumin-enriched formula had growth outcomes more similar to those observed in breastfed infants than in infants fed the standard formula. 17 These studies demonstrate the benefits of using infant formulas enriched with a-lactalbumin.
Regulation of sleep/wake cycles
Sleep in the newborn is essential for proper development of the brain, and plasma tryptophan concentrations have been shown to influence sleep patterns. 22 Research suggests that feeding infants formulas supplemented with tryptophan improves sleep in infants, which could influence neurobehavioral development. 23 Dietary tryptophan influences the synthesis of both the neurotransmitter serotonin in the brain 24 ( Figure 2 ) and the hormone melatonin in the intestines, 25 which are involved in regulating sleep. 26 The mean concentration of tryptophan in breast milk is about 2.5% (2.5 g per 100 g of protein), whereas standard formulas contain only 1.0% to 1.5% (1.0-1.5 g per 100 g of protein). 27 Furthermore, tryptophan levels in breast milk are maximal during the night. 28 As expected, plasma tryptophan levels were found to be lower in formula-fed infants than in breastfed infants. 23 Serotonin does not cross the blood-brain barrier, so it must be synthesized within the brain, and synthesis is in large part dependent on the availability of tryptophan. 24 Tryptophan is transported into the brain by the large neutral amino acid (LNAA) carrier, which also transports the BCAAs (leucine, isoleucine, and valine), phenylalanine, and tyrosine. Transport is competitive, and the LNAA carrier is almost fully saturated at normal blood levels of the LNAAs. 29, 30 Hence, tryptophan uptake into the brain depends not only on tryptophan concentrations in blood but also on the concentrations of tryptophan's LNAA transport competitors (ie, the ratio of tryptophan to other LNAAs). Brain uptake of tryptophan (and serotonin synthesis) can therefore be modified by altering either the blood tryptophan levels or the levels of other LNAAs in blood. 29 The importance of this relationship was demonstrated in an early study. Twenty healthy newborns (aged 2-3 days) were randomly assigned to receive either formula or a glucose solution containing tryptophan or valine. The infants fed the tryptophan solution entered active sleep sooner than the formula-fed infants, while infants fed the valine solution entered sleep much later. The results demonstrate that the amino acid composition of the formula can influence sleep behavior in newborns. 31 Oral administration of tryptophan to infants has been shown to increase urinary levels of serotonin and melatonin, 32 and, similar to findings in rats, administration of tryptophan at night is known to increase circulating concentrations of both serotonin and melatonin. 33 Tryptophan is necessary for synchronization of the wake/sleep cycle in infants, and feeding a tryptophan-supplemented formula at night was shown to significantly improve the development of the wake/ sleep cycle. 32 In the few studies conducted in infants, who have somewhat different sleep characteristics than adults, tryptophan administration was reported to reduce sleep latency (the time required to fall asleep), 23 lengthen both rapid eye movement (REM) sleep (when most dreaming occurs) and slow-wave sleep (ie, deep sleep) periods, 31, 32, 34 and improve sleep efficiency (total length of time asleep). 32 Studies in infants fed a a-lactalbumin-enriched formula demonstrate plasma profiles of essential amino acids similar to those observed in breastfed infants 10, 17 ; however, the effect of a-lactalbumin-enriched formulas on infant sleep patterns has not been examined.
Gut development and immunity
The human neonatal gut is immature in both cellular structure and immune function. Breast milk provides essential nutrients and bioactive compounds to facilitate gut development. 35, 36 Protein is a major component of these functional nutrients, and breast milk contains over 400 different proteins. 36, 37 Whey proteins represent the largest fraction of breast milk proteins ( Figure 1) , with the predominate proteins being a-lactalbumin, lactoferrin, immunoglobulins, and lysozyme. These proteins, along with the associated amino acids and peptides released during digestion, exert diverse physiological effects on gastrointestinal function, including motility and antimicrobial activity.
The specific effect of a-lactalbumin on gut development has not been fully elucidated. Evidence suggests that benefits likely derive, at least in part, from bioactive peptides, from the unique content of tryptophan and cysteine, 3 and, potentially, from the activity of posttranslational modifications, including disulfide bridges 38 or glycosylation. 39 Tryptophan, the direct precursor to serotonin, has regulatory roles in the gut, 40 and cysteine is the direct precursor to the antiinflammatory, antioxidant glutathione. 41 Furthermore, tryptophan is degraded through the kynurenine pathway, producing glutamate and quinolinic acid, both reported to influence intestinal motility and immune competence. 42 Bioactive peptides can be released during normal digestion in the relatively immature digestive tract of the infant or produced by commercial processing of whey proteins using techniques such as enzymatic hydrolysis or by microbial fermentation. The physiological significance of these peptides remains largely unknown. 43 Beyond its role in central nervous system function, serotonin has diverse roles in regulating food intake and energy balance, in gastrointestinal and endocrine function, and in cardiovascular and pulmonary physiology. 40 Approximately 1% to 2% of daily tryptophan intake is converted into serotonin, with 95% of serotonin synthesized outside the central nervous system, mostly within the enterochromaffin cells of the gastric endothelium. 40 These cells release serotonin upon exposure to food, stimulating gastrointestinal motility and secretions. Oral administration of free tryptophan stimulates gut synthesis of serotonin. 44 Approximately 95% of daily tryptophan intake is degraded through the kynurenine pathway, located predominately in the liver and small intestine. 42 Recent evidence suggests the involvement of kynurenine metabolites in intestinal motility, although the mechanism behind this is unknown. In addition, quinolinic acid is recognized to be immunoprotective in macrophages. 42 At present, experimental evaluation of the effects of a-lactalbumin on gut development has been largely focused on changes in the gut microbiome and on antibacterial actions. 18, 45 Dupont et al 46 compared a-lactalbumin-enriched formula with standard formula in 66 infants with colic aged 3 weeks to 3 months in a double-blind randomized controlled trial. The standard formula contained protein at 15 g/L and the a-lactalbumin-enriched formula provided 14 g/L. Growth was similar in the 2 groups, but feeding-related gastrointestinal adverse events were significantly lower in the group fed the a-lactalbuminenriched formula. However, the experimental formula was also supplemented with probiotics, and thus it is not possible to determine which component produced the beneficial effects.
Ushida et al 47 reported a-lactalbumin to have protective effects on gastric tissue in young rats. aLactalbumin administered by oral intubation increased prostaglandin production in gastric tissue, increasing both mucin production and bicarbonate secretion into the protective mucin layer.
a-Lactalbumin is digested in the small intestine, where amino acids are absorbed both individually and as small peptides. No intact a-lactalbumin is found in the stool of breastfed infants. Several peptides released from a-lactalbumin during digestion have been proposed to elicit biological effects. 48 An immunostimulatory tripeptide (Gly-Leu-Phe) was originally isolated following in vitro digestion of milk proteins by trypsin. 49 This peptide, present in both human and bovine a-lactalbumin, has been shown to stimulate phagocytic activity of macrophages in vitro and to exert a protective effect against Klebsiella pneumoniae infection in mice. 43 It also stimulates phagocytosis by human macrophages. 50 Other peptides have been shown to have prebiotic activity by stimulating the growth of bifidobacteria. 51 The microbiome of breastfed infants is dominated by Lactobacillus and, in particular, a diverse group of Bifidobacterium species, 52 while the microbiome of formula-fed infants has a composition more similar to that of adults. 53 Bifidobacteria are thought to protect infants from certain gastrointestinal diseases caused by a variety of intestinal pathogens. 54 Antibacterial peptides active against Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, Staphylococcus epidermis, streptococci, and Candida albicans may also be formed during digestion of a-lactalbumin. 38 Peptide fractions from a-lactalbumin have been shown to prevent enteropathogenic Escherichia coli, Salmonella typhimurium, and Shigella flexneri from adhering to intestinal cells and thus may prevent infection. These small peptides likely resist further digestion and exert their antibacterial activity in the colon. This may explain the inhibitory effect of a-lactalbuminsupplemented infant formula on enteropathogenic E. coli-induced diarrhea in infant rhesus monkeys. 55 The antimicrobial activity of a-lactalbumin peptides may be associated, at least in part, with the 4 disulfide bridges within a-lactalbumin. 38 Trypsin digestion of a-lactalbumin yielded 2 pentapeptides linked by a disulfide bridge, which exhibited antimicrobial properties, while the individual peptides showed no antimicrobial activity. 38 Dairy proteins, in general, and a-lactalbumin and its peptides, specifically, have been shown to affect the gut microbiome, which in turn could potentially affect immune responses. Elucidating the effect of dietary proteins and infant formulas on the gut microbiome and innate immunity is a critical area for future research.
Mineral absorption
A sufficient supply of trace minerals, such as iron and zinc, is essential during the rapid growth of infants. Infant formulas often contain trace mineral concentrations higher than those in human milk to compensate for lower bioavailability.
56 a-Lactalbumin has 2 binding sites for calcium, 1 of which may be occupied by iron or zinc. Studies in infant rhesus monkeys and in human infants report that a-lactalbumin may increase absorption of zinc, but not iron. 21, 57, 58 However, it has also been reported that peptides released during digestion of a-lactalbumin have a high affinity for iron 59 and that peptide-iron complexes formed in vitro can promote iron uptake by human intestinal Caco-2 cells. 60 A shortterm (14 days) absorption study in human infants found no such enhancing effect. It is possible that an enhancing effect of a-lactalbumin was too small to detect during the short period studied and that an improvement in iron status would be noted during a longer period of consumption. 21, 61 Furthermore, a-lactalbumin stimulates the growth of beneficial microorganisms like bifidobacteria, which reduce pH in the intestinal tract and thereby may enhance mineral absorption. 18 Clinical studies of a-lactalbumin-enriched infant formulas have largely evaluated infant growth, acceptability by infants, and levels of plasma amino acids following ingestion. Future studies need to assess specific effects of a-lactalbumin on immune function, gut microflora, and trace element status.
a-LACTALBUMIN AND ADULT NUTRITION
Whey protein isolates, a rich source of essential amino acids, have been used extensively in adult supplements because of their palatability, water solubility, and heat stability as well as their nutritional properties. Perhaps most notable, whey proteins are recognized as an excellent source of the BCAA leucine, which has a unique role in postmeal stimulation of muscle protein synthesis via the mechanistic target of rapamycin complex 1 (mTORC1) anabolic signal cascade. In addition to their direct effect in activating mTORC1, whey protein isolates contain high levels of essential amino acids, which support optimal muscle protein anabolism with lower protein intake and reduced total calories. Because of these qualities, whey proteins are used as supplements for athletes and for individuals susceptible to declining skeletal muscle mass during weight loss, bed rest, and aging. [62] [63] [64] While whey protein isolate is widely used in adult nutrition, specific whey proteins, such as a-lactalbumin, have received relatively little attention for use in adult nutrition, in part because it is difficult to obtain purified proteins with the processes used for isolation. However, recent advances in large-scale ion exchange and filtration methods have led to highly purified a-lactalbumin (> 93%) that is free of other proteins, lipids, and lactose. High-purity a-lactalbumin allows researchers to further evaluate the nutritional value of a-lactalbumin as well as its unique amino acid profile (Table 1 ) and bioactive peptides. Currently, most research on a-lactalbumin for adult nutrition has focused on whether the high tryptophan content of a-lactalbumin can be leveraged to modify neurological or behavioral outcomes such as sleep and mood.
Tryptophan and brain responses
Serotonin (5-hydroxytryptamine) is a monoamine found in both the central nervous system and diverse peripheral tissues, including the lung, kidney, and gastrointestinal tract. 42 It is synthesized from tryptophan in a 2-step process involving hydroxylation followed by decarboxylation ( Figure 2 ). The initial enzyme in the pathway, tryptophan hydroxylase, catalyzes the conversion of tryptophan to serotonin. This step is rate limiting in the pathway, and tryptophan hydroxylase is only partly saturated with substrate at normal levels of tryptophan in brain. Hence, raising brain tryptophan levels increases the saturation of hydroxylase and accelerates the synthesis of serotonin. 24 The regulation of brain tryptophan levels and the competitive transport of tryptophan across the bloodbrain barrier were originally observed in a study to investigate why blood and brain tryptophan levels in rats rose shortly after intake of a meal containing carbohydrates, 65 yet brain levels did not increase in animals that ingested a meal that contained both carbohydrate and protein (casein), despite larger increases in blood tryptophan concentrations. 66 The protein effect was shown to be due to large increases in the blood levels of the other LNAAs, relative to the rise in blood tryptophan, which competitively limited tryptophan access to the LNAA transporters at the blood-brain barrier. 66 The ratio of the plasma concentration of tryptophan to the summed concentrations of the other LNAAs has proven surprisingly accurate in predicting changes in brain tryptophan levels. 67 
a-Lactalbumin and brain tryptophan
With regard to the effects of dietary protein on brain uptake of tryptophan, it was assumed for many years that the ingestion of any protein would produce no rise in brain tryptophan levels, despite the increases in blood tryptophan levels, since the sum of the other LNAAs was always larger and thus the ratio of tryptophan to LNAAs would not increase in blood. 24 This assumption was dispelled by the report of Markus et al in 2000, 68 who noted a rise in the ratio of tryptophan to LNAAs in serum from human study participants who ingested a meal containing a-lactalbumin. Shortly thereafter, Feurte et al 69 observed that a diet containing a-lactalbumin increased the ratio of tryptophan to LNAAs in plasma from rats significantly more than a casein-containing diet. Orosco et al 70 then showed that serotonin released directly from brain neurons was higher in rats fed a-lactalbumin than in those fed a casein diet. Subsequently, Choi et al 71 examined the responses of rats to different dietary proteins and found that brain tryptophan levels and rates of serotonin synthesis were tightly correlated with the serum ratio of tryptophan to LNAAs. Of particular interest, a meal containing "lactalbumin" (a partially purified extract of whey protein) elicited substantially higher increases in the serum ratio of tryptophan to LNAAs, in brain tryptophan concentrations, and in the rate of serotonin synthesis compared with meals containing other proteins ( Figure 3 ). 71 These findings led Fernstrom et al 30 to conduct a small trial in healthy human study participants (n ¼ 6) fed a protein-containing beverage after an overnight fast to determine if similar changes in the plasma ratio of tryptophan to LNAAs would occur in humans. Three proteins, a-lactalbumin, gluten, and zein, were selected on the basis of previous findings in animal models showing these proteins to increase, to produce no change, or to decrease the ratio of tryptophan to LNAAs, respectively. 71 The beverage base was V-8 Vegetable Juice (500 mL, 102 kcal), to which 40 g of protein or cornstarch (total energy content, 262 kcal) was added. The results for each protein paralleled the findings in animals. 71 First, the ingestion of the a-lactalbumin elicited a marked increase in plasma tryptophan concentrations, with values increasing more than 3-fold and remaining elevated for approximately 3 hours (Figure 4) . 30 The ratio of plasma tryptophan to LNAAs rose about 50% above baseline and remained elevated for at least 4 hours. Ingestion of the cornstarch beverage caused no change in plasma tryptophan or the ratio of tryptophan to LNAAs (rats differ from humans in this regard 72 ), while ingestion of the gluten-or zeincontaining drinks elicited a small, transient decline and a larger, prolonged reduction in the ratio of tryptophan to LNAAs, respectively. This study provided proof of concept that ingestion of different dietary proteins can produce markedly different effects on the plasma ratio of tryptophan to LNAAs in humans and, presumably, changes in brain tryptophan concentrations and serotonin synthesis. 73 If ingestion of moderate amounts of a-lactalbumin leads to increases in serotonin synthesis and release from brain neurons, a reasonable extension of these findings is to consider beneficial or therapeutic applications to influence serotonin-linked brain functions.
While specific research of a-lactalbumin and brain function is limited, some insight into potential benefits can be gained from previous studies of the effect of tryptophan on blood pressure, pituitary hormone secretion, sleep, and mood. 24, 74, 75 The best-characterized therapeutic uses of tryptophan are for sleep and mood, with some evidence suggesting a role for tryptophan in epilepsy control.
Tryptophan and sleep
Sleep deprivation is a stress that affects physiological and cognitive functions ranging from increased blood pressure, weakened immune response, and weight gain to cognitive dysfunction, memory problems, and depression. An estimated 50 to 70 million US adults have a sleep disorder. 76 Interest in the link between tryptophan, serotonin, and sleep began in the 1960s following observations of sleepiness in normal study participants who ingested tryptophan 77 and in patients given moodaltering drugs that modified neuronal serotonin release. 78 Later, animal studies examined the effect on sleep of a variety of treatments that modified brain serotonin levels. 79 In general, treatments that reduced serotonin tended to disrupt features of sleep, while those that raised serotonin enhanced sleep. 79 Similar observations were made in humans, though there were some differences. 80, 81 With these preliminary findings, researchers began to study the effects of tryptophan on sleep and the production of serotonin in brain. [82] [83] [84] In adults, tryptophan supplements have been reported to improve sleep, increasing total sleep time and reducing waking time in individuals with and without insomnia. [84] [85] [86] Tryptophan supplements were also found to modify specific sleep stages (eg, to increase slow-wave sleep, or to increase REM sleep). [83] [84] [85] Single doses of tryptophan (taken at bedtime) ranged from small (1 g) to very large (15 g) and were administered acutely or chronically for periods of up to 2 years. Tryptophan generally appears to improve sleep, but the specific improvements are not uniform across studies. Consistent with these findings, depletion of serotonin in the brain, studied using the "acute tryptophan depletion paradigm," a method for rapidly depleting the brain of tryptophan and serotonin, 73 predictably produces sleep effects opposite of those elicited by tryptophan administration, including reduced REM latency, increased REM sleep time, reduced total sleep time, and increased sleep latency. 87 Ingestion of a-lactalbumin, which has a high proportion of tryptophan to LNAAs, might be expected to produce effects like those seen following the ingestion of tryptophan. In support of this hypothesis, Markus et al 88 examined 14 healthy adults with mild sleep Figure 4 Effect of protein ingestion on plasma tryptophan concentrations and the plasma ratio of tryptophan to large neutral amino acid in human study participants. Fasting male participants (n ¼ 6) ingested a 16-oz drink containing 40 g of the indicated protein on 4 separate occasions. Blood samples were collected at the indicated times thereafter (the first sample was taken before ingesting the drink). Data are presented as means 6 standard errors of the means. For plasma tryptophan, the effects of protein (F ¼ 80.36, df ¼ 3) and time (F ¼ 30.49, df ¼ 8) were significant (P < 0.001), and the interaction (F ¼ 26.21, df ¼ 24) was also significant (P < 0.001). For the plasma tryptophan ratio, the effects of protein (F ¼ 81.95, df ¼ 3; P < 0.001) and time (F ¼ 2.48, df ¼ 8, P < 0.05) were significant, and the interaction (F ¼ 46.17, df ¼ 24) was also significant (P < 0.01). *P < 0.05 vs value at time 0. From Fernstrom et al 30 (with permission). Abbreviation: TRP, tryptophan.
complaints and 14 adults without sleep complaints. Each participant was given 2 nighttime protein shakes (at 18:30 and 19:30), each containing either 20 g of a-lactalbumin (4.8 g of tryptophan per 100 g) or 20 g of casein (1.4 g of tryptophan per 100 g), in a crossover design. At 2 hours after consumption of the second shake, the a-lactalbumin shakes produced higher plasma ratios of tryptophan to LNAAs than did the casein shakes, suggesting that serotonin levels were probably higher after consumption of the a-lactalbumin shakes. There was no detectable difference in sleep quality or duration between trials, but individuals receiving the shake with higher tryptophan content reported less morning sleepiness, and those with prior sleep complaints demonstrated improved daytime alertness and attention. The investigators suggested that the reduced sleepiness and improved alertness after a-lactalbumin ingestion most likely indicated that study participants had slept better because of presumed increases in serotonin. Finally, the effects of tryptophan on sleep may also involve the hormone melatonin. Melatonin is synthesized in a variety of cell types in the body, including the enteroendocrine cells of the gastrointestinal tract. 89 Tryptophan is the precursor of melatonin, and the pathway follows the normal route to serotonin, which is then N-acetylated and O-methylated to melatonin. Melatonin synthesis and release by gut enteroendocrine cells is stimulated by oral intake of tryptophan, leading to elevated blood melatonin levels. 25 As a fat-soluble hormone, melatonin is readily transported from blood to brain. Since the ingestion of melatonin improves sleep 90 and since tryptophan ingestion stimulates production of melatonin in the gut, tryptophan ingestion may contribute to improvements in sleep. In general, tryptophan ingestion appears to have beneficial effects on sleep, but the potential of dietary proteins to improve sleep remains speculative. a-Lactalbumin produces changes in both the plasma tryptophan concentration and the ratio of tryptophan to LNAAs, consistent with changes following tryptophan intake. Future studies should evaluate the potential of habitual dietary intake of a-lactalbumin to improve sleep conditions, characterizing both the protein dose and the timing of the meal.
Tryptophan and mood
Experiments in both animals and humans provide evidence that brain serotonin can modulate a wide array of cognitive functions, including mood, alertness, memory, attention, executive functions, and, potentially, depression. 91 The association between tryptophan and mood was made over 60 years ago, when investigators examined potential links between serotonin and depression. 92 At that time, the principal antidepressant drugs were monoamine oxidase inhibitors and tricyclic antidepressants. 93 In the earliest studies examining tryptophan and mood, tryptophan was administered to patients with depression for several days or weeks, alone and in combination with an antidepressant drug. Tryptophan was found to have an antidepressant action by itself 94 and to enhance the antidepressant efficacy of monoamine oxidase inhibitors 95 and chlorimipramine, a moderately serotonin-selective tricyclic antidepressant. 96 In 1 study, a subeffective dose of a monoamine oxidase inhibitor combined with tryptophan produced an effective antidepressant action. 97 The hypothesis behind the combination studies was that serotonin function would be amplified by stimulating serotonin production with tryptophan supplementation and by inhibiting serotonin removal and reuptake with a monoamine oxidase inhibitor or chlorimipramine. Each combination would result in more serotonin being present in the synapse to stimulate serotonin receptors (and, thus, improve mood). Such findings led investigators to suggest that some forms of depression may result from endogenous, suboptimal levels of serotonin in the brain. 98 These early studies involved administration of large daily doses of tryptophan (2.5 -6 g) given in divided doses throughout the day, often in combination with an antidepressant drug for an extended period of time (3 days to 3 weeks). [94] [95] [96] [97] 99, 100 In contrast, recent studies that examined dietary proteins or protein hydrolysates for their effects on mood have not included these experimental design elements. Instead, in the majority, tryptophan-equivalent doses of less than 1 g of tryptophan were used as a constituent of a small amount of dietary protein and, typically, normal individuals were studied over the course of a single day. 68, 101, 102 For example, 1 experiment compared the acute mood effects of ingesting pure tryptophan (0.8 g), a-lactalbumin (15 g containing 0.8 g of tryptophan and 9.4 g of LNAAs), casein (20 g containing 0.4 g of tryptophan and 10 g of LNAAs), a hydrolyzed animal protein (containing 0.8 g of tryptophan and 4 g of LNAAs), or a tryptophancontaining dipeptide (synthetic dipeptide/serinetryptophan, containing 0.8 g of tryptophan). 101 Casein served as the control treatment, as it does not raise the plasma ratio of tryptophan to LNAAs. Mood was evaluated regularly during the experimental period (3.5 hours). All study participants were tested on separate days with each treatment. All treatments except casein (the control) elevated the plasma ratio of tryptophan to LNAAs over the pretreatment ratio (% 0.11), with hydrolyzed animal protein and synthetic dipeptide eliciting the largest increases (peak ratios % 0.40 at 60 -90 min), followed by tryptophan (peak ratio % 0.30 at 90 -120 min). a-Lactalbumin produced the smallest increase (peak ratio % 0.20 at 120 min). Somewhat consistent with changes in the ratio of tryptophan to LNAAs, mood was significantly improved following treatment with hydrolyzed animal protein and tryptophan, modestly but not significantly improved following synthetic dipeptide treatment, and not improved following a-lactalbumin treatment.
Another study compared a casein hydrolysate (12 g of hydrolysate containing 0.12 g of tryptophan; ratio of tryptophan to LNAAs, 0.02) with a hydrolysate of egg white (12 g of hydrolysate containing 0.66 g of tryptophan; ratio of tryptophan to LNAAs, 0.19). 102 In this study, the egg white protein increased the plasma ratio of tryptophan to LNAAs to about 0.23, produced a positive effect on mood (compared with the casein hydrolysate), and activated brain areas associated with mood (as demonstrated by magnetic resonance imaging).
In a study with larger doses of protein in healthy females, Scrutton et al 103 compared the effects of ingestion of 40 g of a-lactalbumin or casein (control) after an overnight fast. The ratio of tryptophan to LNAAs rose from 0.098 to 0.138 (fasting to 150 min) after a-lactalbumin, and fell from 0.099 to 0.078 after casein. No effects on measures of emotional processing were observed. However, the rise in the plasma ratio of tryptophan to LNAAs (Figure 4 ) was somewhat larger when examined in healthy males who ingested the same amount of alactalbumin from the same manufacturer, administered under similar conditions. 30 Merens et al 104 studied protein intake in individuals without depression and in individuals with depression in remission. Following an overnight fast, study participants ingested 20 g of either a-lactalbumin or casein in 2 doses separated by 2 hours. The total protein dose of 40 g provided 493 mg of tryptophan and 5680 mg of LNAAs from a-lactalbumin and 380 mg of tryptophan and 8000 mg of LNAAs from casein. The plasma ratio of tryptophan to LNAAs rose from the baseline fasting level of 0.11 to 0.13 at 90 minutes after lunch for a-lactalbumin (though plasma tryptophan did increase) and declined from 0.11 to 0.08 for casein (the changes in ratio did not differ between individuals without depression and individuals with depression in remission for either protein). There was a significant difference in the plasma ratio of tryptophan to LNAAs between proteins at 90 minutes after the second protein dose, but no effect of treatment on mood was detected in either study group with either protein.
Finally, in the only longer study published thus far, Mohajeri et al 105 examined women who consumed a casein hydrolysate or an egg white protein hydrolysate supplement twice daily for 19 days. 105 The protein dose was small, 0.5 g of hydrolysate, taken twice daily, and provided approximately 10 mg of tryptophan per day from the casein hydrolysate (ratio of tryptophan to LNAAs, 0.02) and approximately 70 mg of tryptophan per day from the egg white hydrolysate (ratio of tryptophan to LNAAs, 0.19). At the end of the study, no difference was evident between treatment groups in the ratio of tryptophan to LNAAs in fasting plasma samples, but there was a significant difference in the ratio 80 minutes after ingestion of the last dose of the hydrolysates. The investigators observed improvements in cognitive and emotional processing consistent with the higher ratio of tryptophan to LNAAs.
Summarizing these studies, it is clear that chronic administration (> 2 weeks) of large doses of tryptophan (> 3 g) can alter brain serotonin levels and enhance mood. However, the influence of dietary proteins on mood and cognitive function remains speculative, perhaps because of weak study design. Additional research is needed to examine dose response and duration of treatment with dietary proteins in relation to plasma changes in the ratio of tryptophan to LNAAs and, ultimately, in relation to behavior and mood outcomes.
Tryptophan and epilepsy
Epilepsy is a condition characterized by repeated spontaneous seizures. Approximately 1 of every 10 people is likely to have at least 1 epileptic seizure in their lifetime, and approximately one-third who experience an epileptic seizure experience a recurrence. 106 A link between brain serotonin levels and epilepsy has been explored for over 50 years, yielding the broad view that treatments that enhance serotonin may inhibit the generation of seizures. 19, 107, 108 A few relevant studies in animals have been published. Of particular interest, Meldrum et al 109 and Wada et al 110 (from the same laboratory) examined the effect of tryptophan on photically induced epilepsy in baboons.
, Large single doses of tryptophan ( 600 mg/kg, IP) did not reduce the severity of photically induced epilepsy, however injection of 5-hydroxytryptophan, the immediate precursor of serotonin, attenuated the seizures. Likewise, 5-hydroxytryptophan administration was reported to enhance the antiepileptic action of fluoxetine, a serotonin reuptake blocker, in genetically epilepsy-prone rats. 111 Together, these findings suggest that, if tryptophan does have an antiseizure effect, the supplemental dose required would be sizeable.
Initial clinical trials have largely failed to support the usefulness of tryptophan therapy to increase serotonin in patients with epilepsy. For example, adults with epilepsy under poor control with standard medications participated in a multiple-arm crossover trial that included each of the following treatment arms added to their current treatment protocol: (1) (6-8 g/d) in combination with a monoamine oxidase inhibitor. Each treatment arm lasted 3 months. No effects of any treatment on seizure frequency or severity were noted. 112 In another study, children (7 -14 years) received tryptophan (40 mg/kg/d) or placebo in a double-blind crossover trial, with each arm lasting 5 weeks. The authors reported that the amino acid was well tolerated, but seizure frequency was unaffected. 113 Like the adults in the study described above, 112 the children were not removed from their current antiepileptic medications during the trial, for obvious reasons, and this may have obscured the effects of tryptophan. However, in support of a tryptophan effect, an interesting study was conducted in adults who were not epileptic but were undergoing electroconvulsive therapy for depression. Individuals received electroconvulsive therapy twice, separated by 2 to 3 days. On the first test day, electroconvulsive therapy was given alone, and on the second test day, electroconvulsive therapy was preceded by oral tryptophan (6 g given the day before electroconvulsive therapy, and 3 g given 4 h before electroconvulsive therapy). The duration of the induced seizure, recorded by electroencephalography, was significantly reduced by tryptophan administration. 114 Against this background, Citraro et al 115 and Russo et al 116 recently reported that chronic oral administration of a-lactalbumin reduced epileptogenesis in animal models of epilepsy. These investigators proposed that the effect might be caused by an increase in brain tryptophan concentrations, secondary to ingestion of the protein, and that the action may result from increased production of serotonin 115 and/or kynurenic acid. 116 Kynurenic acid, a product of tryptophan metabolism via the kynurenine pathway, is formed in brain as well as in the gut and liver. 117 The potential link between kynurenic acid and epilepsy derives from (1) kynurenic acid's action as an antagonist to a specific glutamate receptor, the N-methyl-D-aspartate receptor 118 and (2) the ability of N-methyl-D-aspartate to induce seizures in animals. 119 Administration of tryptophan stimulates kynurenic acid synthesis in animals, 120 and, thus, if alactalbumin ingestion also has this effect, the result might be to protect against seizures. It will be important to determine if a-lactalbumin ingestion can increase kynurenic acid levels in brain. In addition, the concentration of another metabolite of the kynurenine pathway, quinolinic acid, is increased following tryptophan loading 121 and stimulates the N-methyl-D-aspartate receptor. 122 The brain level of quinolinic acid should also be measured to determine its change following a-lactalbumin ingestion and to establish whether the net effect of a-lactalbumin ingestion is ultimately to stimulate or to inhibit the action of N-methyl-D-aspartate receptors. These findings with a-lactalbumin warrant further study in additional trials.
CYSTEINE, OXIDATIVE STRESS, AND IMMUNE FUNCTION
Whey proteins, because of their unique amino acid composition, are recognized for their ability to optimize aspects of immune function, with perhaps their bestcharacterized action being stimulation of glutathione and glutamine production. 123 Glutathione is synthesized from cysteine, glutamate, and glycine. It plays a major role in protection of cells against oxidative stress. Glutamine is produced in skeletal muscle from catabolism of BCAAs and is an essential fuel for the immune system.
Glutathione plays a central role in the body's ability to scavenge reactive oxygen species and also has diverse roles in signal transduction, gene expression, apoptosis, and nitric oxide metabolism. 124 Depletion of tissue glutathione is observed in a wide range of physical stress conditions, ranging from intense exercise and aging to pathologies such as cancer, neurodegenerative disorders, cystic fibrosis, and HIV infection. 124, 125 Diets supplemented with dairy (ie, milk or yogurt) 126 or whey protein 127, 128 have been shown to increase tissue levels of glutathione.
The bioavailability of cysteine is rate limiting for glutathione synthesis. 124 Cysteine is generally considered a nonessential or dispensable amino acid in adults because it can be synthesized from the essential amino acid methionine. While nutritional requirements for these 2 sulfur-containing amino acids are often listed together as a sum, methionine and cysteine participate in different metabolic processes. Methionine is central to 1-carbon metabolism, which requires folate, vitamin B 12 , and choline and is essential for synthesis of the purines, pyrimidines, and polyamines required for nuclear development and function, while cysteine is essential for synthesis of taurine and glutathione, which are involved in immune and antioxidant responses. 129 The first step in cysteine synthesis is transmethylation of methionine to homocysteine, which is then combined with serine to form cystathionine. Cystathionine is subsequently converted to cysteine. Methionine can be resynthesized from homocysteine by remethylation, but conversion of cystathionine to cysteine is irreversible. 129 Hence, while the sulfur amino acids are linked, they are not entirely interchangeable, and some investigators suggest that diet is limiting in cysteine availability. 124, 130 Furthermore, elevated plasma concentrations of homocysteine are associated with increased risk of cardiovascular disease, while increased levels of glutathione appear to reduce the risk of cardiovascular disease. 129, 131 Dietary supplements of cysteine increase glutathione levels without increasing homocysteine. 124, 129, 131 Whey proteins also provide a rich source of cysteine with relatively lower levels of methionine (Table 1) . Most proteins have a ratio of cysteine to methionine that is higher in methionine, but whey protein isolate has a cysteine-to-methionine ratio of approximately 1.3, and a-lactalbumin has a cysteine-tomethionine ratio of approximately 4.8 ( Table 1) . The cysteine present in a-lactalbumin occurs in the form of 4 disulfide bridges that can be released by digestion and appear in the blood as either the disulfide cystine or free cysteine. 38, 129, 130 In animal studies examining humoral immune response to infection, whey proteins, when compared with other dietary proteins (ie, soy, casein, or wheat), have been shown to enhance antibody production. 132, 133 Furthermore, animal studies demonstrate that consumption of a-lactalbumin protein can increase liver glutathione in a dose-dependent response 134 and can increase total white cell counts (CD4 þ ) and lymphocyte counts in mice with parasitic infections.
135
Studies have also shown that glutathione can modulate glucose tolerance and improve insulin sensitivity, 136 presumably through a mechanism of nitric oxide signal transmission. 124 A study in rats given either an a-lactalbumin-rich whey concentrate or total milk proteins during a high-sucrose meal, with and without cysteine supplementation, demonstrated that both a-lactalbumin and cysteine supplementation increased glutathione concentrations and improved glucose homeostasis. 136 Likewise, in humans, increasing the supply of cysteine or cystine can increase glutathione synthesis and prevent glutathione deficiency under nutritional or pathological stress (ie, protein malnutrition, respiratory distress, or HIV infection). 125 Several studies found that supplementing with cysteine-rich whey proteins increased blood levels of glutathione and improved quality of life among HIV-positive individuals.
137-139
BRANCHED-CHAIN AMINO ACIDS AND SKELETAL MUSCLE METABOLISM
a-Lactalbumin, like other whey proteins, has a high concentration of the BCAAs leucine, isoleucine, and valine and a greater leucine content than egg, soy, beef, or wheat proteins (Table 1) . Leucine is a key dietary regulator of skeletal muscle anabolism via leucine-induced activation of the mTORC1 signal complex, which plays a central role in the activation of translation factors that stimulate postmeal synthesis of skeletal muscle protein. 62 The importance of the leucine threshold for maintenance of skeletal muscle mass and function was recognized by the PROT-AGE Study Group, 140 which recommended a minimum of 2.5 g of leucine at each meal for muscle health in older adults. Metabolism of the BCAAs, which occurs largely in skeletal muscle, not only provides fuel for muscle contraction but also provides the amine substrate (ÀNH 2 ) for de novo synthesis of glutamine and alanine. Glutamine is a primary fuel for lymphocytes, macrophages, and intestinal epithelial cells, and alanine is a primary substrate for gluconeogenesis and homeostatic regulation of blood glucose. 141, 142 The importance of leucine in the regulation of muscle protein synthesis has been shown in catabolic conditions such as after overnight fasting, during prolonged bed rest, and post exercise. Leucine is required to activate the mTORC1 signaling pathway to initiate anabolic recovery. Furthermore, research has shown that free leucine is not an effective supplement; instead, leucine must be provided as part of a meal that contains proteins with complete essential amino acid profiles. 143 In this context, whey proteins are most effective in producing maximal anabolic stimulation with the least amount of total protein. 144 The efficiency of the response is particularly important for persons who often consume small meals, eg, the elderly, or when small meals are desired, eg, post surgery, post exercise, or at breakfast. 62 Recent research also suggests that nighttime intake of protein may have the potential to protect and enhance muscle mass and strength. 145 A Dutch group has shown that consumption of 28 g of casein (a milk protein providing 2.5 g of leucine) prior to sleep increased skeletal muscle protein synthesis in young adults (% 22 years). 146 When combined with resistance exercise, the nighttime protein increased muscle mass and strength after 12 weeks. 147 The investigators suggest nighttime protein intake provides an important source of precursor amino acids to sustain muscle protein accretion during sleep. These investigators found similar increases in muscle protein synthesis and positive balance in whole-body protein turnover in older adults (% 74 years) provided with 40 g of casein. 145 Timing the intake coincident with sleep is, at least in part, consistent with circadian cycles of growth factors, specifically with the daily peak of growth hormone that occurs during the early period of slow-wave sleep.
148 a-Lactalbumin, as a rich source of both tryptophan and leucine, may be an ideal protein to optimize both sleep and muscle protein synthesis.
Glutamine is utilized as a primary fuel source by cells of the immune system in support of both optimal proliferation of lymphocytes and production of cytokines by lymphocytes and macrophages. 141 In humans, plasma and muscle glutamine levels are depleted during stress conditions such as surgery, sepsis, burn injury, and endurance exercise, and it has been suggested that lower glutamine concentrations contribute to stressinduced immunosuppression. This view is supported by studies showing that maintenance of plasma glutamine enhances immune function in patients. 142 Skeletal muscle is the principal site of glutamine production. Muscle maintains a high concentration of glutamine, which can be released into circulation during stress conditions. 149 Muscle glutamine is derived from BCAA degradation, and studies have shown that supplementation with BCAAs helps maintain immune function in longdistance athletes. 150 While BCAAs exert anabolic effects on muscle protein synthesis and enhance immune function, the potential for diets high in BCAAs or total protein to produce abnormal metabolism has raised concerns. Elevated blood levels of BCAAs have been correlated with insulin resistance, obesity, and type 2 diabetes in both humans and rodents. [151] [152] [153] However, contrary to these correlations, controlled studies have demonstrated that leucine supplementation or leucine-rich diets improve insulin sensitivity. 154, 155 Diets designed around the threshold of 2.5 grams of leucine per meal trigger the postmeal anabolic response and protect metabolically active tissue during weight loss while increasing the loss of body fat. 156 Positive associations have also been demonstrated between a diet rich in BCAAs, body weight, and glucose homeostasis. [157] [158] [159] [160] It is unclear whether leucine and other BCAAs are direct contributors to the development of insulin resistance or whether they are secondary biomarkers of impaired insulin action. 158 
APPLICATION OF a-LACTALBUMIN IN CANCER TREATMENTS
The ability of whey proteins to increase glutathione concentrations and enhance immunity, along with the discovery of the unique antitumor complex called HAMLET (Human Alpha-lactalbumin Made Lethal to Tumor cells), led scientists to investigate the potential use of whey proteins in cancer therapy. In an early study with mice, Bounous et al 161 reported that a diet formulated with whey protein concentrate, when compared with a standard casein-based diet, reduced the incidence and size of chemically induced colon tumors. Subsequently, a different group replicated this finding, showing that whey protein had twice the protective effect of soy protein. 162 The anticarcinogenic properties of whey protein have also been demonstrated with dimethylbenz(a)anthracene-induced mammary tumors in rats. 163 Hakkak et al 163 found a lower incidence of tumors in animals consuming whey protein than in animals fed casein or soy diets. The authors speculated that the beneficial effects of whey protein could be associated with enhanced tissue glutathione levels or active peptides. In support of the glutathione mechanism, Kent et al 164 used a human prostate cell line and showed that treatment of the cells with hydrolyzed whey protein isolate or a cysteine-donating compound (N-acetylcysteine) increased cellular glutathione concentrations and protected cells against reactive oxygen species and cell death in prostate epithelial cells.
The HAMLET complex was discovered by researchers examining the potential of dairy protein extracts to reduce the adhesion of pneumonia-causing bacteria to respiratory epithelial cells. 165 When these investigators serendipitously switched their cell line to lung carcinoma cells, they found that the dairy protein product killed both the bacteria and the cancer cells. Investigating this apoptotic response further, they fractionated the dairy product and isolated the active compound, identifying it as a protein-lipid complex of a-lactalbumin and oleic acid, which they named HAMLET.
HAMLET is a potent anticancer agent, killing tumor cells of approximately 50 cancer cell types with high selectivity 165, 166 while leaving healthy cells largely unaffected both in vitro and in vivo. 167 The structure of HAMLET compounds consists of an aggregation of partially unfolded proteins with fatty acid molecules bound in the hydrophobic core. 168 Similarly, BAMLET (Bovine Alpha-Lactalbumin Made Lethal to Tumor), a complex of bovine a-lactalbumin and oleic acid, also kills tumor cells, and both HAMLET and BAMLET appear to penetrate the cell membrane and trigger a pathway for lysosomal cell death. a-Lactalbumin-oleic acid complexes such as HAMLET and BAMLET appear to have the ability to kill tumors cells that are otherwise highly resistant to apoptosis. 165, 167 HAMLET (or BAMLET) is not a normal component of milk but is formed during low-pH precipitation of the casein fraction, which allows for partial unfolding of the a-lactalbumin structure and binding with the fatty acid. 169 Mechanisms of action for these proteinlipid complexes are not well understood. There is debate over whether the key cytotoxic component of HAMLET/BAMLET complexes is a-lactalbumin or oleic acid. Some studies suggest the oleic acid component of these complexes accounts for the cytotoxicity, with a-lactalbumin acting only as a solubilizing agent that enhances membrane permeability for the fatty acid. 168, 170 Although a binding site for oleic acid was identified in the a-lactalbumin molecule, several other proteins, such as milk lysozyme, apomyoglobin, and a-2-microglobulin, also form HAMLET-like complexes with oleic acid and show antitumor activity. 171 Delgado et al 170 concluded that the protein component is not the cytotoxic component of the HAMLET protein-oleic acid complex but instead is involved in the delivery of cytotoxic oleic acid across the tumor cell membrane.
It is clear that the protein-lipid complex must come in direct contact with the tumor cell surface, which creates obvious delivery problems in pharmacological applications. Bruck et al 172 showed that in vitro digestion by pepsin and trypsin abolished the apoptotic effect of a-lactalbumin. Sullivan et al 173 gave human adults a-lactalbumin with or without oleic acid and monitored digestion via nasogastric tube and capsule endoscopy. a-Lactalbumin was rapidly digested, and no cytotoxic complex of a-lactalbumin and oleic acid was detected.
HAMLET has shown therapeutic efficacy when administered directly in 4 in vivo models. In humans with therapy-resistant skin papillomas, topical application of HAMLET significantly reduced lesion size and eliminated all lesions in over 80% of patients within 2 years. 174 In patients diagnosed with superficial bladder cancer, local injections of HAMLET into the bladder reduced tumor cell size and increased tumor cell apoptosis. 175 Similar outcomes have been demonstrated in animal studies. In mice with bladder cancer, localized administration of HAMLET reduced tumor size and delayed tumor development. 176 In rats transplanted with human glioblastoma cells, local infusion of HAMLET delayed tumor development, and the HAMLET complex appeared to penetrate the tumor, triggering apoptosis. 177 Finally, in an intriguing study using a mouse model of colon cancer, investigators found that oral delivery of HAMLET produced a significant reduction in tumor size and polyp number. 178 In summary, the potential use of a-lactalbumin in cancer treatment remains experimental but merits continued research.
CONCLUSION a-Lactalbumin is a milk protein that constitutes over one-third of the total protein in human milk. Through recent advances in food processing, pure a-lactalbumin has become commercially available, generating new opportunities to research the use of a-lactalbumin in nutritional and medical applications and in creating functional food products. a-Lactalbumin is an attractive protein, both because of its physical characteristics, which include a clean flavor profile, high water solubility, and heat stability (which combined allow for diverse food applications), and because of its biological properties derived from its protein quality, which create the potential for diverse nutrition applications. The most frequently studied uses for a-lactalbumin are as a component of infant formulas designed to be more similar to breast milk, and as supplement to enhance sleep or improve mood in adults. However, potential new applications in cancer treatment or to enhance immune response have also garnered interest. To date, most uses of a-lactalbumin derive from its unique amino acid composition, with most attention focused on the essential amino acid tryptophan, a precursor to the neurotransmitter serotonin. However, a-lactalbumin is also a rich source of the sulfur amino acids, with a highly unusual 5:1 ratio of cysteine to methionine. Moreover, it contains BCAAs, lysine, and potentially bioactive peptides. Because of its amino acid composition and associated biopeptides, a-lactalbumin has potential as a protein supplement to support infant development, promote gastrointestinal function, and protect muscle mass in aging adults. Moreover, it may have clinical applications in cancer therapy or to enhance immune function.
